The long latency M2 electromyographic response of a suddenly stretched active muscle is stretch duration dependent of which the nature is unclear. We investigated the inXuence of the group II aVerent blocker tizanidine on M2 response characteristics of the m. Xexor carpi radialis (FCR). M2 response magnitude and eliciting probability in a group of subjects receiving 4 mg of tizanidine orally were found to be signiWcantly depressed by tizanidine while tizanidine did not aVect the signiWcant linear relation of the M2 response to stretch duration. The eVect of tizanidine on the M2 response of FCR is supportive of a group II aVerent contribution to a compound response of which the stretch duration dependency originates from a diVerent mechanism, e.g., rebound Ia Wring.
Introduction
Electromyography after a sudden muscle stretch shows a velocity dependent, likely Ia aVerent mediated short latency M1 (Nichols and Houk 1976; Houk et al. 1981; Hayashi et al. 1987; Cody et al. 1987; Thilmann et al. 1991; Grey et al. 2001 ) and a stretch velocity independent (Grey et al. 2001 ) long latency M2 reXex response which in the lower extremity is assumed to originate from muscle length coding group II aVerents Schieppati and Nardone 1997; Corna et al. 1995; Grey et al. 2001 ). In the upper extremity, the M2 response was found to be stretch duration dependent (Lee and Tatton 1982; Lewis et al. 2005 ) which does not necessarily involve length coding group II aVerents. The origin of the M2 in the upper extremity is still controversial (Dietz 1992) . It has been suggested that the M2 is mediated by Ia aVerents (Lewis et al. 2005) or an Ia-transcortical pathway, as established in hand musculature (Matthews 1991; Palmer and Ashby 1992; Tsuji and Rothwell 2002) but questionable for more proximal muscles (Thilmann et al. 1991; Fellows et al. 1996) . Other studies found the M2 response to be modulated by task instruction (Crago et al. 1976; Colebatch et al. 1979; Rothwell et al. 1980; Calancie and Bawa 1985) underpinning the transcortical pathway hypothesis, suggesting supraspinal modulation or a subcortical component of M2 (Lewis et al. 2006) . Recently, it was even suggested that the long latency responses of the human arm involve internal models of limb dynamics (Kurtzer et al. 2008) . Lourenco et al. (2006) identiWed four excitation peaks after nerve stimulation of the m Xexor carpi radialis (FCR): two short latency group I excitations and two long latency peaks. A Wrst, long latency high threshold peak was found to be depressed by tizanidine, an 2 adrenergic receptor agonist known from experiments in cat to selectively block the group II aVerent input (Bras et al. 1989 (Bras et al. , 1990 Skoog 1996; Jankowska et al. 1998; Hammar and Jankowska 2003) ; a second low threshold peak was attributed to a transcortical pathway. Thus, it is strongly suggested that the M2 long latency response is a compound response.
However, aforementioned mechanisms do not explain the dependency of the M2 response on stretch duration. Lewis et al. (2005) proposed three mechanisms: (1) altered motoneuron Wring properties following the M1 response, suggesting that the M2 response is an interrupted M1 response; (2) response characteristics of the muscle spindle receptors; (3) temporal summation along the reXex pathway, i.e., a threshold input duration is needed for a postsynaptic neuron to Wre. Schuurmans et al. (2009) elaborated on the Wrst mechanism using a model approach and explained the stretch duration dependency of the M2 response from a synchronized M1 response or motoneuron Wring and subsequent refractory period with ongoing Ia aVerent activity, resulting in rebound Ia Wring.
In the present paper, we further elaborate on the nature of the M2 response by studying the eVect of tizanidine on the stretch duration dependency of the M2 response, within a repetitive measurement study design. We hypothesize that the M2 stretch duration dependency is not aVected by tizanidine. In order to identify possible adaptation eVects of repeated measurements, we used a control group. A frequent side eVect of tizanidine is drowsiness which interferes with the measurements and could induce supraspinal confounding eVects. Thus, a low, yet proven eVective dose of 4 mg was applied (Emre et al. 1994 ).
Methods

Subjects
Ten healthy volunteers (mean age 47 § 13 years, 9 male, 2 left handed) received 4 mg (t50 g/kg) tizanidine orally (T_1-group). Five subjects of this group (T_2-group) were re-measured on a diVerent day without tizanidine (C_2-group). Nine subjects (mean age 43.8 § 14, 7 male, 2 left handed) served as a control group (C_1-group). Permission was obtained from the local Medical Ethics Committee. All subjects gave informed consent prior to the measurements.
Measurement set-up
The methods, i.e., the measurement set-up and data processing are based on a previous study of our group (Schuurmans et al. 2009 ). Experiments were performed on the dominant hand. A wrist manipulator (Schouten et al. 2006) was used to evoke stretches of the m. Xexor carpi radialis (FCR). The lower arm of the subject was Wxed onto a table.
The subject who was in sitting position, held the vertically placed handle of the manipulator (Fig. 1) . The handle was attached via a lever arm to a servo-controlled motor. A force transducer mounted in the lever arm registered the wrist torques applied on the handle. The subject was asked to generate a 1 N m wrist Xexion torque (target) in order to activate the FCR. Both target and actual torque (low pass Wltered, second order Butterworth, 1 Hz) were displayed to assist the subjects. Filtering was applied to minimize rapid torque Xuctuations due to the stretch perturbation in order to sustain the constant force task.
Muscle activity was recorded by bipolar EMG (Delsys Bagnoli system, electrode bar length 10 mm, bar distance 10 mm) on the middle of the belly of FCR and, to monitor possible co-contraction, the m. extensor carpi radialis (ECR).
Measurement protocol
Nine trials were performed every 20 min at eight subsequent occasions (T 1 -T 8 ) after a baseline trial (T 0 ), 10 min before oral intake of tizanidine. Total measurement time was about 160 min. The trials consisted of series of rampand-hold stretches with a Wxed velocity of 2 rad/s and stretch amplitudes of 0.06, 0.10, and 0.14 rad, resulting in stretch durations of 30, 50 and 70 ms, respectively. Ten repetitions for each of the three conditions were applied in a random order and separated by intervals of random duration between 3 and 4-s to avoid anticipation. Repetitions were clustered in four separate series to avoid fatigue. Directly after each trial, selective attention was assessed using a computer test. Before the experiment, the maximal voluntary contraction (MVC) in either Xexion and extension direction was established.
Attention
Drowsiness is a known side eVect of tizanidine. A computer keyboard key hit test on audio cues [test of sustained Using an electrically powered manipulator, ramp-and-hold perturbations were applied to the wrist to stretch the Xexor carpi radialis (FCR). The subject was asked to maintain a constant torque on the handle of 1 N m. 904 £ 662 mm (96 £ 96 DPI) selective attention (TOSSA), Onderwater et al. 2004] , was used to assess selective attention. Clusters of three repetitive short beeps (targets) were to be discerned from twoand four-beep clusters (distracters). In total 120 clusters were presented during 4 min. During the test the speed by which the clusters were presented was varied. The main outcome variable was the concentration strength, calculated from the percentage of correct hits diminished by the percentage of premature and false hits (100% implies an excellent concentration). The test was validated for healthy individuals (Onderwater et al. 2004 ).
Data processing and recording
The angle of the wrist (handle), the torque at the wrist (handle) and the EMG of the FCR and ECR were simultaneously recorded and digitized at 2.5 kHz. EMG was rectiWed and low pas Wltered at 80 Hz (recursive third order Butterworth). Data were extracted from a time interval starting 400 ms before, till 1,000 ms after stretch onset. Segments in which the mean Xexion torque prior to onset of the perturbation deviated more than §0.1 N m from the instructed 1 N m were rejected. EMG activity was determined at three pre-deWned time intervals: background activity (BG) at 400 ms until 20 ms before stretch onset; short latency M1 response at 20-50 ms after stretch onset; long latency M2 response at 55-100 ms after stretch onset. M1 and M2 response magnitudes were normalized to BG (reduced with BG and subsequently divided by BG) and averaged over the repetitions. The eliciting probability of both M1and M2 responses was calculated as the percentage of responses above BG. In order to group data at maximal eVect of tizanidine, T min_T was deWned in the T_1 and T_2 groups by identifying the trial number were the M2 response magnitude was minimal. Subsequently, M1 and M2 parameters in the T-group were calculated at T min_T . For the C_1 and C_2 groups, parameter values were calculated at mean T min_T. over all subjects in the T_1 group. All parameter values, i.e., M1 and M2 response magnitude and probability and concentration strength calculated at T min_T were compared to parameter values at baseline (T 0 ). Separate T min values were calculated for M2 response eliciting probability and concentration strength for comparison purposes.
Statistical testing
Statistical testing was performed using a linear mixed model (SPSS 16.0, = 0.05) with time (T 0 vs. T min_T ), stretch duration (30, 50 and 70 ms) and group as Wxed factors. Two models were constructed, i.e., with and without group (T vs. C) as a repeated factor for T_2 and C_2 and T_1 and C_1 comparisons, respectively. A compound symmetry covariance model was used (Littell et al. 2000) . Dependent variables were the magnitude and probability of the M1 response and the diVerence between either M1 and M2 response magnitude and M1 and M2 eliciting probability.
To assess the role of attention, the concentration strength at T 0 was compared to the concentration strength at T min_T using a linear mixed model with time and group (T_1 and C_1) as Wxed factors. Figure 2 shows an example of the averaged responses over one trial in one subject prior to tizanidine intake. The three stretches with equal velocity (slope of the rising phase of the angle) but diVerent amplitudes that were applied to the handle of the manipulator, resulted in three diVerent stretch durations at the wrist, i.e., 30, 50 and 70 ms. The typical EMG response consisted of a short latency M1 response between 20 and 50 ms and a long latency M2 response between 55 and 100 ms after stretch onset, followed by a short depression. On average over all subjects, 14% of the segments were excluded for further analysis because the background torque prior to stretch varied more than 0.1 N m from the 1 N m target torque. During the torque task, the mean background activity (BG) of FCR was approximately 10% of MVC. The mean BG activity of ECR (antagonist) was lower than 2% of MVC in all subjects, indicating absence of co-contraction. No further analyses were performed for ECR.
Results
General
M1 response
As can be seen from Fig. 3a-d , both the M1 response magnitude and eliciting probability did not respond to stretch duration for all groups. No consistent diVerences between T 0 and T min_T were found for both response magnitude and probability. Results of the statistical procedure are outlined in Table 1 .
M2 response
The M2 response magnitude and probability related to stretch duration in a linear way, for all four groups (T_1, T_2, C_1, C_2, Table 1 ; Fig. 3e-h) . A 50% drop in response magnitude between T 0 and T min_T was observed, both for the T_1 and T_2 group, while this was not the case in the C_1 and C_2 group. A diVerent distribution of variances between T_1/C_1 and T_2/C_2 groups resulted in a diVerent outcome of the statistical procedure, i.e., emphasis on time eVect or time-group interaction. The same pattern, i.e., a reduction between T 0 and T min_T for the T but not for the C groups is observed for the M2 eliciting probability. Note that there is a diVerence in oVset between T_1 and C_1 group regarding M2 response magnitude and eliciting probability, which is clearly visible in Fig. 3 , however, not statistically signiWcant (Table 1 , group term). This oVset is considerably smaller when T_2 and C_2 group are compared. T_2 and C_2 groups were the same subjects, measured at a diVerent day.
The drop in M2 magnitude and eliciting probability in the T_1 and T_2 group did not aVect the stretch amplitude relation as can be viewed from Fig. 3 and from the interaction term group-stretch duration which did not reach statistical signiWcance (Table 1) .
For the T_1 group, mean T min values of M2 response magnitude and probability were found at trial 6.1 and 6.2 corresponding to a time lag after tizanidine intake of 112 and 114 min, respectively.
Attention
There was a drop in concentration strength between T 0 and T min_T for both T-and C-group; the drop in the T-group was substantially larger. This drop was statistically signiWcant while the group eVect was not signiWcant (Table 2 ). Mean T min values for the concentration strength were identiWed at trial 6.1, which corresponds to a lag time of 112 min after tizanidine intake.
Discussion
A depression of the stretch induced M2 response of the m. Xexor carpi radialis (FCR) was found in a group of subjects receiving 4 mg of tizanidine orally, conWrmative of a group II aVerent contribution. However, the stretch duration dependency of M2 remained intact during tizanidine intake indicating that this is not a group II aVerent eVect but mediated by a diVerent mechanism.
M1 response
The M1 response was not aVected by stretch duration, tizanidine and repetition of measurements. In the present study, the stretch velocity was kept constant, whereas in a previous experiment the M1 response was found to be stretch velocity dependent (Schuurmans et al. 2009 ). This is consistent with a stretch velocity dependent, monosynaptic Ia aVerent origin (Houk et al. 1981 ).
M2 response: general eVect of tizanidine
The current experiment indicates a distinct eVect of tizanidine on the M2 response. Tizanidine is a known group II blocker in cats (Bras et al. 1990; Skoog 1996) and has no inXuence on Ia aVerents (Hammar and Jankowska 2003) . Thus, a group II aVerent contribution to M2 is plausible. Tizanidine has a known eVect on spasticity (Emre et al. 1994) . A prominent role of group II (hyper) activity in spasticity is assumed, resulting from lack of inhibitory control of interneurons in excitatory pathways between group II muscle aVerents and motoneurons by descending monoaminergic pathways (Jankowska et al. 1994; Hammar and Jankowska 2003) .
Explaining the M2 from at least partial group II aVerent activity is conWrmed by the antispastic eVect of L-dopa, another known group II aVerent blocker (Eriksson et al. 1996) .
M2 response: stretch duration
The observed stretch duration dependence of the M2 response of FCR is well known under task conditions similar to the tasks applied in this study ("do not intervene", "let go" or "keep a certain force"). Lee and Tatton (1982) and Fig. 3 M1 (a-d) and M2 (e-h) response magnitude (left panels) and eliciting probability (right panels) as a function of stretch duration (x axis). Results for the T_1 and C_1 group (a, b, e, f) and T_2-C_2 groups (c, d, g, h) . Lewis et al. (2005) found the M2 response or probability to stretch duration relationship to be nonlinear, with a critical stretch duration below which no response could be elicited, a steep rising phase and a plateau phase. Critical stretch duration for the wrist was found to be 43.8 ms (Lee and Tatton 1982) . In the present study, stretch durations of 30, 50 and 70 ms were applied ranging from critical duration to plateau phase. The M2 response probability in T-and Cgroup was about 60% for the 30 ms sub-threshold stretches and approached the 100% for the 70 ms plateau stretches. The diVerence in critical stretch duration between Lee and Tatton and present study may be caused by the diVerent joint torques used in the experiments. Lee and Tatton used 0.5 N m, this study 1 N m. Muscle spindle sensitivity increases with torque, and M1 and M2 responses are known to scale with contraction level (Calancie and Bawa 1985; Toft et al. 1989) .
The stretch duration dependency was explained by Lee and Tatton from a convergent hypothesis, for which Lewis et al. found no supportive evidence using a double stimulus paradigm. Alternative hypotheses were suggested, i.e., Schuurmans et al. (2009) used a computational model to demonstrate that it is possible to explain the stretch dependency by: (1) synchronization of the motor neuron pool Wring by a sudden stimulus; (2) subsequent synchronized refractory period for all motor neurons; (3) sustained Ia aVerent Wring while the stretch continues, resulting in a second synchronized response within the M2 latency time window.
Alternatively, M2 stretch duration dependency can also be explained by group II aVerent Wring characteristics. Our results demonstrate a partial depression of M2 by tizanidine while the stretch duration dependency is not signiWcantly aVected: this relation remains linear with a constant slope. It is likely that tizanidine also aVects the stretch duration sensitivity of group II aVerents, resulting in a lower slope angle of the stretch duration dependency relation. In the case that tizanidine would block group II aVerents, without aVecting the stretch duration sensitivity, a proportional blocking of group II aVerent activity would negatively aVect the slope of the linear stretch duration dependency as well. Thus, the fact that M2 amplitude is depressed while the stretch duration dependency remains intact, allows for but a few conclusions. We state that the long latency reXex stretch dependency is likely caused by a diVerent mechanism than group II activity, possibly Ia rebound Wring.
In line with Lourenco et al. (2006) using neural stimulation, the present study conWrmed the compound origin of the M2 response, at least consisting of a group II aVerent and a stretch duration dependent contribution, which we state is a result of rebound Ia Wring.
Attention
The sedative eVect of tizanidine is well known (WagstaV and Bryson 1997; Miettinen et al. 1996) . We applied about a threefold reduced dose of tizanidine than is commonly applied in stretch reXex experiments, i.e., 4 versus 12 mg, i.e., about 50 vs. 150 g/kg, in order to ensure proper task performance and to minimize supraspinal eVects. In a study of Maupas et al. (2004) using 150 g/kg of tizanidine, all patients enrolled in the study were reported to fall asleep. Emre et al. (1994) , found that pharmacokinetics and pharmacodynamics of 4 and 8 mg doses were comparable, while an antispastic eVect of a 2 mg dose could not be established. In that study, maximal plasma concentrations and antispastic eVect were found around 90-100 min after intake, which is in line with the maximal eVect on the M2 responses at about 112 min as found in the present study. At T min_T , the concentration strength appeared to drop signiWcantly, with a substantially larger drop in the T_1 group compared to the C_1 group, indicating central eVects of tizanidine i.e. on attention. Central and peripheral eVects of tizanidine may be separated by time lag diVerences between the maximal eVects on M2 response magnitude and concentration strength. However, mean time lags T 0 -T min for M2 response magnitude and concentration strength were similar, which is no surprise considering that the 2 adrenergic receptor agonists are known for their rapid penetration in the Central Nervous System (Miettinen et al. 1996) . The fact that even low doses of tizanidine result in measurable central eVects, implies that it is very diYcult to separate peripheral from central eVects in humans taking tizanidine orally. However, the relatively large drop of the M2 response compared to the drop in awareness is conWrmative of a supposed selective II aVerent spinal eVect of tizanidine.
M2 response probability
Likewise to the response magnitude, the probability of eliciting a M2 response was stretch duration dependent and was signiWcantly depressed by tizanidine, conWrmative of our hypothesis. In the present study, both M2 response magnitude and eliciting probability were regarded as parameters describing the same M2 activity. The M2 response magnitude may be related to the number of Wring motor neurons while the eliciting probability reXects a threshold mechanism. However, the present study does not allow for further discrimination in underlying mechanisms.
Note that while the M1 responses were comparable, the M2 response magnitude and the eliciting probability were higher in the T-group, with a more outspoken diVerence for the lowest stretch duration. This is most likely explained by an inter individual variability causing a diVerence between groups, i.e., T_1 and C_1 group. The diVerence between T_2 and C_2 groups, which were the same subjects, was much smaller. Additional variability may be introduced by variability in electrode placement and/or a higher level of arousal caused by anticipation eVects in the drug taking group. The latter would imply a role of subcortical components (Lewis et al. 2006 ). However, there was no clear correlation with concentration strength. Aforementioned eVects should be studied or controlled for in a placebo controlled study design. However, we do not believe that a possible eVect interferes with our conclusions regarding the eVect of tizanidine on the stretch duration dependency of the M2 response of FCR.
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